Rapid shrinking in device dimensions calls for replacement of SiC>2 by new gate insulators in future generations of MOSFETs. Among many desirable properties, potential candidates must have a higher dielectric constant, low leakage current, and thermal stability against reaction or diffusion to ensure sharp interfaces with both the substrate Si and the gate metal (or poly-Si). Extensive characterization of such materials in thin-film form is crucial not only for selection of the alternative gate dielectrics and processes, but also for development of appropriate metrology of the high-k films on Si. This paper will report recent results on structural and compositional properties of thin film SrTiO3 and transition metal oxides (Z1O2 and HfO2).
INTRODUCTION
The continued shrinking of the CMOS device size for higher speed and lower power consumption drives the conventional SiO 2 gate oxide approaching its thickness scaling limit [1] . Severe direct tunneling and reliability problems at extremely small thickness will soon set a barrier for this naturally given material. Alternative dielectric materials with a higher dielectric constant, k, and thus larger physical thickness than SiO 2 will be required to reduce the gate leakage as the gate length is scaled below 100 nm. Successful integration of high-k dielectrics into CMOS technology poses enormous challenges. Among many desirable properties, potential candidates must have a higher dielectric constant, low leakage current, and thermal stability against intermixing or diffusion to ensure sharp interfaces with both the substrate Si and the gate metal (or poly-Si). Extensive characterization of such materials in thin-film form is crucial not only for selection of the alternative gate dielectrics and processes, but also for development of appropriate metrology of the high-k films on Si.
For insulating materials, there are two major contributions to the static dielectric function e 0 =\ + 4;r(x electron +X lattice) ^ 0 )
i.e., the dielectric responses of valence electrons and lattice vibrations. The electronic dielectric constant can be estimated by where (Op is the plasma frequency of the valence electrons and E PG is an "average bandgap" (know as Penn gap). Since the electronic contribution is usually less than 16 and larger for insulators with smaller energy gaps, it is not wise to pursue materials with high electronic dielectric constant as high-k gate dielectrics. Therefore, the high dielectric constant should be generated from the ionic contribution
where e* is the effective dynamical charge, £, the eigenvector, and 0) t the frequency of the zth phonon mode. This indicates that larger ionic polarizability leads to higher dielectric constant.
Since the lattice polarization splits the longitudinal optical (LO) and transverse optical (TO) phonon degeneracy in the long wavelength limit, the total static dielectric constant can be correlated to the high-frequency electronic dielectric constant through the Lyddane-Sachs-Teller relation
In many high-k materials such as TiO 2 and SrTiO 3 , some of the ratios of the frequencies of the LO and TO phonon pairs are about 2 or larger, and thus result in high dielectric constant. Since e 0 diverges when one of the TO mode frequencies goes to zero in Eq. (4), extremely high-k can be achieved through soft phonon driven lattice instability near the paraelectric to ferroelectric phase transition. The dielectric constant in this case follows the Curie-Weiss kind of temperature dependence
T-T c
where the Curie temperature T c is 393K for BaTiO 3 and OK for SrTiO 3 .
In addition to the high dielectric constant, the other basic requirement to the physical properties is a large energy gap that gives rise to reasonable conduction and valence band offsets to ensure low leakage current. However, certain compromise needs to be effected between high-k and large bandgap since the bandgap tends to decrease with increasing dielectric constant (see Fig. 1 .1). Table 1 .1 summarizes the bandgap and calculated band offsets between Si and various dielectrics by John Robertson of Cambridge University using a charge neutrality model. It can be seen again that SiO 2 and A1 2 O 3 have the largest bandgaps and band offsets, but smaller dielectric constants. On the other hand, the perovskite oxides usually have very high dielectric constants, but smaller energy gaps and band offsets, in particular, very small conduction band offsets. TiO 2 and Ta 2 O5 have similar problem. Therefore, the "medium-k" oxides with reasonably wide gaps and band offsets are currently focussed upon as possible replacement materials of SiO 2 as gate dielectrics.
Although there is a list of candidates that meet the "medium-k" requirements in terms of the dielectric constant and band offsets, to integrate them successfully into the current CMOS 
HIGH-K PEROVSKITE OXIDES: SrTiO 3
Perovskite forms a family of compounds of formula ABO3 that all have the same structure. This structure is strictly cubic (see Fig. 2 ) only for the non-ferroelectric phase above the Curie temperature. Three of the four 3-fold degenerate optical phonon modes, which contribute the most to the lattice dielectric response, are shown in Figs. 2(b) , (c) and (d). In particular, the lowest mode goes soft with decreasing temperature and thus makes the dominant contribution to the dielectric constant and also triggers the phase transition. SrTiO 3 has a simple cubic crystal structure and a bulk k value of ~ 300 at room temperature. Although the lattice constant of SrTiO 3 (a = 3.905 A) is very different from that of Si (a = 5.431 A), the lattice mismatch is fairly small (-1.7%) with the STO unit cell rotated 45° around Si surface normal [001] axis to match the STO cell diagonal with the Si lattice constant.
The STO films studied in this work were deposited on up to 8*' Si wafers by molecular beam epitaxy (MBE) with a base pressure of 5x10 10 mbar. Metallic Sr was used to react with the native oxide on the Si wafer at temperatures greater than 750°C and under high vacuum. Using this process, a 2x1 surface reconstruction was consistently obtained [12] . The details for the film growth are described elsewhere [12] . The surface structure, growth rate and stoichiometry were monitored using in-situ Reflection High-Energy Electron Diffraction (RHEED). Figure 3a displays the X-ray diffraction 26 scan from a MBE film grown on Si. Only the diffraction peaks for the cubic lattices of STO and Si are seen, indicating that the STO film is oriented with the (001) axis parallel to the (001) axis of the Si substrate. Furthermore, the electron diffraction pattern from the film (Fig. 3b) shows that the diffraction pattern from the STO film (larger spots) is 45° rotated around the (001) axis with respect to that of the Si substrate (smaller spots) to minimize the lattice mismatch between the two. Figure 5 . Infrared absorbance spectrum from a MBE STO film on Si. Both the highest-frequency TO peak in STO as well as the SiO 2 peak from the interfacial layer were observed.
Since both the calculation (see Table I ) and XPS measurement [13] showed about 0 eV conduction band offset between STO and Si, it is expected that the n-channel devices using a single STO dielectric layer may be very leaky. Therefore, one should engineer the band off set to minimize the leakage current. The first strategy is to add an interfacial layer with wider band gap, such as SrO, BaO [11] or SiO x . Actually, although STO can be grown directly on Si, a thin layer of interfacial SiO x is formed in most cases between STO and Si. This oxide layer can naturally serve as the buffer layer with much larger band offset. Figure 4 shows the high-resolution TEM (HRTEM) image of the interfacial region of a MBE STO film on Si. An amorphous interfacial layer of about 7 A thick can be seen sandwiched between the single crystalline STO film and the Kl.1.6 Si substrate. High-resolution EELS mappings of similar samples using TEM indicated that the amorphous layer is silicon oxide [12] . The existence of the interfacial layer has also been revealed by infrared transmission measurements. Figure 5 displays the absorbance spectrum in the spectral range from 400 to 1400 cm" 1 from a MBE film on Si. Both the highest TO phonon peak from STO as well as a peak due to interfacial SiO 2 were observed.
SrTiO 3 Sr/Ti=1.13 To further reduce the leakage current, efforts have also been directed to enlarge the STO band gap by changing the composition and to neutralize or trap oxygen vacancies in STO by Aldoping. The Sr to Ti ratio has been found rather sensitive to the growth parameters and Sr-rich films can be easily formed. TEM images show that the stoichiometric films are usually very uniform both in thickness and in cross section (Fig. 6a) , while the Sr-rich films (Sr/Ti=1.13 measured by RBS) exhibit some non-uniform TEM contrast (Fig. 6b) . This non-uniformity can be attributed to non-uniform composition distribution or local strains. The diffraction patterns Kl.1.7 www.cambridge.org © in this web service Cambridge University Press The energy gaps of the Sr-rich films have been investigated using spectroscopic ellipsometry. Figure 7 shows the imaginary part, S2, of the complex dielectric functions of Sr-rich STO films of ~ lOnm thickness derived from the spectroscopic ellipsometry data using a general parametric oscillator model. Since a single layer was used to simulate the film as well as the interfacial oxide layer, €2 for the thin films is considerably reduced by the interfacial SiO x that has no absorption in this energy range because of its much larger band gap. Further decrease in the absorption with increasing Sr/Ti results from the decrease in the density of states of the STO conduction band, which is mainly made up of Ti 3d states. It is very interesting to notice from
